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摘 要 
非可再生化石资源的大量消耗导致了严重的环境问题和生存压力，开发清洁
的可再生资源已成为能源领域的一个迫在眉睫的课题。研究者普遍认为生物质是
唯一可以替代化石资源获取燃料、化学品和材料等的可再生资源，极具发展前景。
其中，微藻具有将废弃物转化成生物燃料、食品、饲料原料以及其它高附加值生
化产品的巨大潜能。 
微藻作为多不饱和脂肪酸（PUFAs）的初级生产者，其种类繁多、蕴藏量大
并且富产多种高附加值的生物活性物质；特别是近年来微藻已成为人们获取花生
四烯酸（Arachidonic acid，ARA）的重要来源。与传统的动物来源和微生物发酵
等获取 ARA 的方法相比，利用微藻生产 ARA 具有生产成本低、含量相对较高、
提取效率高、藻种不易退化、微藻储备量巨大，弥补动植物资源紧缺等明显优势。
同时，紫球藻富含藻红蛋白、油脂、维生素、色素以及胞外多糖，尤其是富含长
链不饱和脂肪酸，包括占总脂肪酸含量高达 36%的 ARA 及 17%的 EPA。本论文
以厦门大学筛选得到的富含 ARA 的紫球藻（Porphyridium purpureum CoE1）为
研究对象，利用人工海水 ASW 培养基，通过扩大培养条件的优化以及关键因子
的调控，使细胞快速生长获得高生物量，并提高 ARA 等目标产物的含量，进而
大大提高 ARA 和总脂肪酸的产量。 
首先，通过 20 L 规模扩大培养的主要环境条件和工程学问题的研究，发现
培养温度、光照强度、渗透压、起泡现象是影响扩大培养的主要因素。培养温度
过高（本实验条件下超过 35 ℃）藻细胞出现高温不适应现象（细胞变形、破裂
等）甚至死亡；培养温度太低，紫球藻代谢不够旺盛，生物量和代谢产物积累过
少，产量不高；适宜温度范围内（25～35 ℃），培养温度越高，紫球藻生长越良
好，生物量和脂肪酸等代谢产物积累丰富，从而选定 35 ℃作为最优培养温度。
光照强度过高会导致紫球藻细胞出现光抑制现象甚至细胞形态改变或死亡；光照
强度太低藻细胞虽然可以维持基本生存，但生物量和代谢产物积累过少；在适宜
的光照强度（165 mol/m2s）和最优培养温度 35 ℃下，紫球藻生长旺盛，生物量
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和脂肪酸等累积丰富。鉴于紫球藻细胞没有细胞壁而由分泌到细胞外的粘多糖形
成粘质壳作为保护，因此细胞对渗透压和剪切引力比较敏感，把培养规模降低到
20 L 以减小细胞收到的渗透压，同时利用沙头分散气泡替代底部直接通气以降
低细胞受到的剪切应力。由于泡沫现象使藻体细胞漂浮在液面或悬浮在气泡上，
引起藻细胞的死亡，从而降低生物量，因此，采用消泡剂有效遏制了泡沫现象而
间接提高生物量。通过上述条件的调控，紫球藻在 165 mol/m2s 光照强度、35 ℃
培养温度下，生物量可高达 3.40 g/L，总油脂最高含量为 17.41%，总脂肪酸含量
高达 48.44 mg/g、ARA 最高含量为 11.53 mg/g、UFAs/TFAs 最高为 47.60%。 
其次，探究了 50 L 培养规模下，通过光照强度梯度(70、165、280 mol/m2s)
和温度梯度(25、30、35 ℃)两个主要单一变量因子实验，找出最有利于紫球藻生
长和脂肪酸（主要是 ARA）积累的条件；并通过补充充足碳源 NaHCO3 和限制
磷源 KH2PO4两个主要营养因子调控紫球藻生物量积累和脂肪酸合成。研究结果
表明，紫球藻在 50 L ASW 培养基中，300 L/min 通气量、280 μmol/m2s 的光照
强度、35 ℃培养温度条件下培养生长迅速，生物量可高达 6.50 g/L；并且在该培
养条件下，培养至稳定期，藻细胞生产的总脂肪酸含量最多为 56.01 mg/g、产率
为 350.35 mg/g；在接近稳定期时收获的 ARA 含量最高为 20.29 mg/g。而 EPA 却
在 280 μmol/m2s 的光照强度、25 ℃条件下获得最高含量 7.00 mg/g，同时该条件
下 UFAs/TFAs 最高为 74.66%，普遍高于其它培养条件。说明适当提高光照和温
度有利于紫球藻生物量合成和脂肪酸，尤其是 ARA 的积累。高光照 280 μmol/m2s
条件下，ARA/EPA 随培养温度升高而升高，在 35 ℃时到达最高 5。因此推断，
高培养温度有利于 ARA 的积累而抑制 EPA 的合成。在高光照 280 μmol/m2s、
35 ℃培养温度条件下，补充充足的碳源 NaHCO3，有利于紫球藻的生长和脂肪酸
（主要是饱和脂肪酸）的积累；在充足碳源 0.8 g/L NaHCO3和限制磷源 0.035 g/L 
KH2PO4营养条件下，紫球藻的最高生物量为 6.84 g/L、棕榈酸的含量高达 23.24 
mg/g、ARA 的含量基本无明显增长而维持在 20.86 mg/g；在正常碳源和磷限制
（0.035 g/L KH2PO4）条件下生物量却只有 4.76 g/L，ARA 的含量仍维持在 20.32 
mg/g。但值得一提的是磷限制条件下油脂含量与对照组相比明显提升，最高可达
18.40%，说明磷限制有利于油脂的积累。同时通过对 1 L 摇瓶和 50 L 扩大培养
获得的藻细胞中主要脂肪酸含量的对比分析，发现扩大培养促进了 C16 向 C18
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再向 C20 的转化，尤其是 C16:0 向 C18 和 C18:2 向 ARA 的转化，从而使扩大培
养获得更高含量的 ARA，结合 ARA 和 EPA 合成路径，推测扩大培养促进了∆5、
∆6 去饱和酶表达而抑制∆17 去饱和酶的活性。 
最后，利用尿素包埋法和精馏法分离法纯化 ARA。尿素包埋法的最佳条件
为：尿素脂肪酸甲酯比为 4:1 (w/w)、乙醇脂肪酸甲酯比为 12:1 (v/w)、包埋时间
为 12 h、包埋温度为-15 ℃，在此条件下获得的 ARA 纯度最高可达约 94.97%，
一般可达 80%～90%。精馏法的最佳分离条件：压力 600 Pa、加热温度 235 ℃、
油样温度 232 ℃、精馏塔柱温 232 ℃、回流比 8:2，在该条件下分离得到的 ARA
纯度高达 95.37%。两种方法在 ARA 纯度上几乎没有差异。经过两种方法对比，
采用精馏法可以去除色素，得到澄清透明的 ARA 油样；从经济可行性考虑，明
显低能耗的尿素包埋法更可行；从油脂回收率考虑，精馏法具有明显优势。 
 
关键词：紫球藻 扩大培养 总脂肪酸 花生四烯酸 分离纯化 
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Abstract 
The large consumption of non-renewable fossil resources has led to serious 
environmental problems and climate issues. The development of clean renewable 
resources has become an imminent problem in the global energy field. Researchers 
generally believe that biomass of great potential for development is the only renewable 
resource that can replace fossil resources. Microalgae possesses the capacity of 
conversion from the waste to bio-fuels, food, feed ingredients and other high value-
added biochemical products. 
Microalgae, abundant in quantity and species can be used as primary producers of 
polyunsaturated fatty acids (PUFAs) and bioactive chemicals. Recently, microalgae has 
become a significant resource of arachidonic acid (ARA). Compared with ARA 
obtained by traditional methods, microalgae-derived ARA has advantages of low 
production cost, relatively high content, high extraction efficiency and enormous 
reserves. The red microalgae Porphyridium purpureum is recognized to produce a 
series of high value-added nutrients, including extracellular polysaccharides, 
phycoerythrin, lipids, vitamins and pigments. Simultaneously, P. purpurem is a 
promising resource for long-chain PUFAs, which contains up to 36% of arachidonic 
acid (ARA) and 17% of eicosapentaenoic acid (EPA) of total fatty acids (TFAs). In this 
study, the microalgae, Porphyridium purpureum CoE1 was adopted and we chose 
artificial sea water (ASW) medium suitable for the algae growth and fatty acid 
biosynthesis. Then, optimization of culture conditions and some key factors was 
conducted to enhance biomass and TFA and ARA contents and yields. 
First of all, through the study of the 20 L-scale cultivation in 50 L flat vertical 
incubator, it was found that culture temperature, light intensity, osmotic pressure and 
foaming were the main factors. There would be awful phenomenons like cell 
morphological changes, rupture or even death under excessively high culture 
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temperature (over 35 ℃) and high light intensity (over 280 μmol/m2s); Under the 
extremely low culture temperature and light intensity, cells would survive with tiny 
biomass and metabolites. P.purpureum cells without cell wall are sensitive to osmotic 
pressure and shear force; the culture scale reduced to 20 L for decrease of osmotic 
pressure, meanwhile, in order to reduce shear stress of the cells, air was scattered to 
tiny bubbles. Due to the phenomenon of bubbles, algal cells floated in the liquid or 
suspended in the bubble, resulting in cell death and low biomass, so the defoamers was 
utilized to suppress bubble phenomenon effectively and indirectly increase the biomass, 
which can be eliminated during algae cell harvesting. Under the conditions of light 
intensity of 165 μmol/m2s and the optimal culture temperature of 35 ℃, P.purpureum 
showed a prosperity of biomass and fatty acid accumulation. The maximum of biomass, 
total lipid content and the TFA content were up to 3.40 g/L, 17.41% and 48.44 mg/g, 
respectively. The highest content of ARA was 11.53 mg/g and the ratio of UFAs to 
TFAs (UFAs/TFAs) was 47.60%. 
Secondly, we investigated the effects of different light intensity (70, 165, 280 
μmol/m2s) and gradient temperature (25, 30 and 35 ℃) on the cell growth and 
accumulation of fatty acids (mainly ARA) in P.purpreum. Biomass and fatty acid 
synthesis were regulated by two major nutritional factors of sufficient carbon source 
NaHCO3 and deficient phosphorus source KH2PO4. Under the conditions of 300 L/min 
ventilation, 280 μmol/m2s light intensity and 35 ℃ culture temperature in 50 L ASW 
medium, the maximum of biomass, TFA content and yield was up to 6.50 g/L 56.01 
mg/g and 350.35 mg/L, respectively; the highest ARA content was 20.29 mg/g. All the 
results above were higher than those of other culture conditions, indicating that 
appropriate increase in light intensity and culture temperature is favorable for the cell 
growth and the accumulation of fatty acids, especially ARA. Under high light 
conditions of 280 μmol/m2s, ARA/EPA reached a maximum of 5 at 35 ℃. Therefore, it 
is concluded that the high culture temperature favors the accumulation of ARA rather 
than that of EPA. On the contrary, the maximum EPA content of 7.00 mg/g was obtained 
under the 280-25 case and the highest ratio of UFAs/TFAs was 74.66% under the same 
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conditions. With sufficient NaHCO3 (0.8 g/L) and deficient KH2PO4 (0.035 g/L), the 
highest biomass was 6.84 g/L, the palmitic acid content was 23.24 mg/g, and the content 
of ARA was 20.86 mg/g without significant increase. Under the conditions of normal 
NaHCO3 dosage (0.04 g/L) and deficient KH2PO4 (0.035 g/L), the biomass was only 
4.76 g/L, and the content of ARA remained at 20.32 mg/g. However, the lipid content 
was up to 18.40% under the condition of deficient KH2PO4, indicating that phosphorus 
limitation is conducive to the accumulation of lipids. Additionally, in contrast of the 
main fatty acid content of 1 L shake flask and 50 L large sacle cultivation, the 
transformation from C16 to C18 to C20 was promoted by the up-scaling culture, 
especially C16:0 to C18 and C18:2 to ARA, leading to more ARA. Perhaps, the 
expression and activity of Δ5, Δ6 desaturase was enhanced by up-scaling cultivation, 
inhibiting the activity of Δ17 desaturase. 
Finally, ARA was separated and purified by urea inclusion and rectification (fraction 
distillation). The optimal conditions of urea inclusion were as follows: the ratio of urea 
to fatty acid methyl esters (FAMEs) was 4:1, the ratio of ethanol to FAMEs was 12:1, 
the inclusion time and temperature was 12 hours and -15 ℃, respectively. The highest 
purity of ARA was up to 94.97%, generally up to 80% to 90%. The best rectification 
conditions were as follows: pressure of 600 Pa, heating temperature 235 ℃, FAME 
temperature 232 ℃, column temperature 232 ℃, reflux ratio 8:2 and the ARA purity 
was 95.37% under these conditions. It is desirable to obtain clear and transparent ARA 
samples by means of rectification, which can be utilized to remove the pigment. From 
the prospect of economic feasibility, the urea inclusion method is more feasible owing 
to low energy consumption. Concerning the fatty acid recovery, the rectification method 
obviously has more advantages with above 80% recovery over 20% recovery with urea 
inclusion. 
 
Keywords:：Porphyridium purpureum; Up-scaling; Total fatty acids; Arachidonic acid; 
Separation and purification
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